This paper describes seasonal changes (summer vs. winter) in reproductive traits (fecundity in relation to female body size and dry mass, egg size, egg weight and reproductive output) of the semiterrestrial crab Sesarma rectum from a mangrove area (238299S, 458099W) on the northern coast of the State of São Paulo, Brazil. Regression analyses using log-transformed data were used to test size-dependent relationships, which were compared between the breeding periods by means of ANCOVA. During winter, the eggs produced were heavier and larger; therefore, no trade-off between egg number and female size was observed. The mean size of ovigerous females remained fairly constant across the seasons. In contrast, the reproductive output and mean dry weight of females decreased in summer. These trends may indicate the seasonal variation of energy allocate for reproduction. The ecological implications of the observed seasonal trends are discussed in the context of the temporal variation of environmental and biological factors in the region.
INTRODUCTION
The sesarmid Sesarma rectum Randall, 1840 is a common crab inhabiting mangrove forests along Western Atlantic coastlines, from Venezuela and the Guianas to the state of Santa Catarina in southern Brazil (Melo, 1996) . As with other sesarmids, it is an important member of the benthic fauna because it feeds on mangrove leaves, contributing significantly to the energy flux in that ecosystem by retaining and enriching coastal waters via tidal transport of detritus (Lee, 1998) . Despite its ecological importance and abundance in mangrove systems, only a few publications have treated the biology of this key species (Fransozo and Hebling, 1986; Fransozo and Negreiros-Fransozo, 1986; Fransozo, 1986/87; Leme, 2002 Leme, , 2004 Leme, , 2005 Anger and Moreira, 2004) . Data on the reproductive period were reported by Leme (2002) , who observed two reproductive peaks of S. rectum near Ubatuba, Brazil. Reproductive peaks appear not to be uncommon in intertidal crabs (Zimmerman and Felder, 1991; Yau, 1992; Flores and Negreiros-Fransozo, 1998; Cobo and Fransozo, 2003) , but the seasonal variation in reproductive effort is still poorly understood in brachyurans.
Reproductive effort may be defined as the proportion of resources available for an organism which is allocated for reproduction in a given time interval (Pianka and Parker, 1975) . This variable is regarded as a measure of reproductive expenditure. In crustaceans, the term reproductive output (RO) has been often used as a parameter quantifying energetic expenditure for egg production, taking into account that brood weight is usually constrained to approximately 10% of the total body weight in brachyurans (but see Hines, 1982 Hines, , 1992 . This ratio is also used as an index of current reproductive effort (RE) at any time (Pianka and Parker, 1975) , but it is known to vary with latitudinal gradient, with season and with the adult ontogeny of females (Jones and Simons, 1983; Clarke et al., 1991; Lardies and Castilla, 2001) . In this study, RE will be used as a proxy for RO, because the seasonal variation in allocation of energy to egg production is addressed.
In brachyuran crabs, body size is the main determinant of fecundity, because of allometric constraints on yolk storage within the cephalothorax (Hines, 1982) . If the volume of developed gonads is fixed for the production of a brood, then fecundity is determined by how the reproductive tissue is partitioned into eggs (Hines, 1982) , thus resulting in a trade-off between egg size and number of eggs per brood. This trade-off is the major cause of interspecific variability of egg production in crustaceans, and may occur seasonally within a population as a response to environmental changes (Sampedro et al., 1997) .
In subtropical estuarine environments such as the study site, factors such as salinity, temperature and food availability fluctuate with some annual periodicity, and therefore it might be expected that fecundity will also vary seasonally. Intraspecific variation in egg size is less pronounced, but may also occur as a response to environmental factors acting at a local scale (Simons and Jones, 1981) . According to Sampedro et al. (1997) , reproductive effort may be conceived as a balance between egg number and size. Therefore, seasonal variation in these two variables may directly affect the reproductive output of a species.
This study examined the seasonal variation of reproductive effort in Sesarma rectum by comparing the number, size and weight of eggs during different reproductive periods. A second question was whether this species is capable of producing multiple broods within an intermolt stage after a single mating event, which, according to Oh and Hartnoll (1999) , may maximize seasonal egg production.
MATERIALS AND METHODS
During a period of approximately 2 yr (from March 2000 to March 2002), females of S. rectum were sampled monthly in a mangrove forest (238299S; 458099W) located near the city of Ubatuba, State of São Paulo, Brazil. This species digs burrows among grasses and the canopy of Hibiscus sp., forming large galleries underground, which makes it difficult to capture them. The best way to collect this crab is to dig out their burrows by hand. To determine the breeding period (relative frequency of ovigerous females in relation to mature females, .17.4 mm CW), we used a capture effort of 2 h by two people during low-tide periods. Additional samples of ovigerous females were taken throughout the study period, in order to increase the sample size for the analyses of seasonal fecundity and sequential spawning. The crabs were placed in individual plastic bags and transported to the Marine Biology Laboratory of the University of Taubaté, São Paulo. In the laboratory, the carapace width (CW) of all females was measured to the nearest 0.05 mm. The ovigerous females were placed in aquaria containing brackish water of 20& salinity, and their egg masses were inspected to verify the developmental stage of the embryos. The developmental stage was categorized as either: (1) early: from embryos exhibiting uniformly distributed yolk, absence of cleavage and eyes, to embryos with cleavage and yolk reduced to not less than 90% of embryo volume; or (2) late: from embryos in an advanced stage of development, already showing limb pigmentation, or enclosing a fully developed larva ready to hatch.
Females bearing early-stage eggs were frozen immediately for later fecundity analyses. Before each female was frozen, a subsample of 10 eggs was removed from her egg mass, and the eggs were measured on their longest and shortest diameters with the aid of a dissecting microscope provided with an ocular micrometer. The mean of both diameter measurements was used to estimate the volume of the eggs.
Females carrying late-stage eggs were maintained alive, separately, in 11 3 15 3 15 cm plastic boxes, containing gravel as a substratum and filled with a 2-cm deep layer of brackish water of 20& salinity. The water was changed and the food supply, consisting of decayed mangrove leaves and shrimp muscle, was renewed daily. The trial boxes were placed in an incubation chamber in which temperature (278C) and photoperiod (14 h L: 10 h D) were closely controlled. Individuals were inspected daily to verify if larvae had been released or a new egg batch had been extruded. These females were frozen when a brood was not produced within 30 d after larval release, and their gonads were later analyzed to stage development according to color and size.
Ovigerous females captured in the field, carrying early-stage eggs, were termed group I females. Those which extruded a new egg batch in the laboratory after previous larval hatching were termed group II females. Because it was impossible to know whether a field-caught female was bearing her first batch in that intermolt, or a later batch, this classification was useful to ascertain whether a female was in fact bearing a sequential batch. Both group I and group II females were used to obtain estimates of fecundity, size and weight of eggs and RO.
In order to estimate fecundity, the pleopods were dissected and the eggs were detached and cleaned. The entire egg mass was then dried on absorbent paper and weighed (brood wet weight, BWW). Three sub-samples were separated and weighed, and the eggs were counted under a dissecting microscope. Both parental females and their respective broods were dried for 48 h at 608C in an oven, and weighed to the nearest 0.1 mg. Fecundity (EN) was estimated by first dividing the dry weight of the whole brood (BDW, including the subsamples examined) by the mean dry weight of subsamples, and then multiplying this value by the mean number of eggs counted in the subsamples. The dry weight of a single egg (EDW) was determined by dividing BDW by the EN of the whole sample. For each female, the RO was estimated by dividing the BDW by the female's dry weight (FDW) and then multiplying by 100 to obtain percentage values (Hines, 1982) .
For all analyzed variables, temporal trends were assessed by comparing the results in different reproductive periods as evidenced in the seasonal variation pattern of the proportion of ovigerous females in the population.
Linear regressions were fitted for the relationships between EN and BDW vs. CW and FDW after logarithmic (ln) transformation of data. Depending on the dimension of x and y variables, t-tests for isometry were run to detect departures of the slopes from 1 (involving variables of the same dimension) or 3 (when y corresponds to a volumetric variable). Statistical hypotheses were tested at the 5% significance level. Analysis of covariance (Zar, 1999 ) was used to compare intercepts and slopes between equivalent regressions in different breeding events, maintaining CW and FDW as covariates. Parallel straight lines where no slope differences were detected were considered to originate from the same population, while intercept contrasts were regarded as differences of the independent variable between the relationships compared (Somers, 1991) . When slopes (b) were not significantly different, a common regression coefficient (bc) was calculated and a new intercept for the whole data was estimated (Zar, 1999) . Therefore, the null hypothesis (H 0 ) corresponds to the non-difference of EN between breeding events and/or the non-difference of egg-mass weight. The same procedure was carried out to analyze between-period differences of FDW, keeping CW as the covariate.
The variables of female size, RO, egg diameter and egg volume were compared for the different breeding periods by means of a t test for independent samples (Zar, 1999) . In this case, the null hypothesis states that such variables do not differ between breeding periods. Pearson's linear correlation analyses were conducted to test the association between RO and the variables CW, FDW and EDW. All statistical hypotheses were tested at the 5% significance level.
RESULTS

Breeding Season in Sesarma rectum
A total of 614 adult females was obtained over the entire study period. Of this total, 88 individuals were ovigerous and measured between 17.4 and 30.2 mm CW. Two welldefined breeding periods were observed in each year (Fig.  1) . Ovigerous females were first obtained in June (winter 2000 and 2001) , and the ratio of ovigerous females increased steadily during July, August and September, and, in 2001, October. Breeding activity seemed to decrease after October, until a new reproductive peak occurred in January and February (austral summer).
Fecundity
Fifty-nine females, ranging from 17.4 to 30.2 mm CW and carrying early broods, were analyzed. The mean fecundity of this population was estimated as 8,561 6 3,517, ranging from 2,559 to 20,985. As an overall trend, both EN and BDW increased isometrically with female size (Fig. 2a, b ; Tables 1, 2 ). The slopes of both regressions were not significantly different from 3.0 (P . 0.05 in all cases). The greatest variability was observed in the relationship between BDW and female size (Fig. 2b) .
Seasonal Fecundity
In order to test for seasonal trends of EN and BDW, females were selected from two breeding periods. Thirty-one females were analyzed from the first reproductive period (June to October of both years) and 28 females from the second one (November to April of both years) (see Fig. 1 ). The mean size of ovigerous females in these periods did not differ significantly (23.3 and 23.0 mm CW for periods 1 and 2, respectively; P . 0.05). However, the FDW did differ considerably. These differences were detected after running ANCOVA analyses while keeping CW as a covariate. The slopes did not differ (P . 0.5), but the intercept contrasts were marked (ANCOVA, F ¼ 29.9, d.f. ¼ 1, 56, P , 0.001), as shown by a lower FDW during the second event (Tables 1, 2 ).
The relationships CW vs. EN and BDW for the two periods were tested by covariance analysis. There were no differences in slope for the relationships CW vs. EN and BDW for the breeding periods examined (ANCOVA, P . 0.05). However, intercepts for the common regression did differ (P , 0.05), indicating a lower EN (F ¼ 5.82, d.f. ¼ 1, 56, P ¼ 0.018) and BDW (F ¼ 22.15, d.f. ¼ 1, 56, P ¼ 0.0001) for the second period (Table 1 ). BDW differences seemed to be influenced by the amount of egg masses referred to herein as ''abnormal'' (see details below in the section on results for Egg Weight). Because these broods were considered outliers, new regressions were derived excluding those individuals. Again, no differences in slope were found (P . 0.05); whereas the intercepts did differ (F ¼ 10.49, d.f. ¼ 1, 49, P ¼ 0.002), showing a lower BDW during summer (Fig. 2b) . New regressions were also run for the EN vs CW relationship, excluding abnormal samples. Neither slopes nor intercepts varied significantly (P . 0.05 for both).
Regressions were fitted for the FDW vs. BDW relationship for both periods. An isometric relationship was obtained for each period, with slope values not different from 1 (P . 0.05). Although the slopes did not differ between the periods (P . 0.05), there was a significant difference between the intercepts (ANCOVA, F ¼ 7.91, d.f. ¼ 1, 56, P ¼ 0.007) ( Table 1) . Fig. 2 . Regression for the relationship between egg number (EN) and carapace width (CW) (A) and (B) regression for the relationship between brood dry weight (BDW) and carapace width (CW) of Sesarma rectum, for breeding period 1 (winter) and breeding period 2 (summer). Abnormal clutches sampled in breeding period 2 were included. Fecundity analyses for BDW and EN showed that the broods produced in these two breeding periods did differ. During the second reproductive period, the BDW was smaller because of the high number of females producing abnormal broods. Comparative descriptive statistics (mean, standard deviation and variation) of CW, FDW, EN and EDW are shown for breeding periods 1 and 2 in Table 2 .
Fecundity in Laboratory-Produced Broods Only a few females extruded a new clutch in captivity, i.e., 3 individuals from a total of 61 animals held in aquaria (5%). These individuals were frozen 24 h after oviposition. In one case (CW ¼ 26.6 mm), egg laying was still incomplete as evidenced by the presence of developed oocytes in the ovary. Therefore, this specimen was excluded from further analyses. The mean time elapsed between larval release and egg laying was 4.3 6 2.3 d (n ¼ 3). All of these events were observed in the laboratory in the summer ( Table 3 ).
Females that did not produce a new egg batch in captivity were dissected for inspection of their gonads 30 d after larval release. Females that died before the trial was run were examined shortly after death. Ripe gonads were found in only 8 specimens (13.8%), of which 4 died while still ovigerous. Resting or developing gonads were found in 82.2% of the whole sample.
Egg Size
The mean diameter of early eggs was 0.49 6 0.02 mm, ranging from 0.42 to 0.55 mm. The mean volume was 0.063 6 0.01 mm 3 . The mean egg diameter of group II females was significantly less than that found in females captured in nature (P ¼ 0.03). During breeding period 1, both diameter and volume were larger (P , 0.01 for both) (Table 4) .
Egg Weight Seven group I broods collected during the second breeding period (1 in February 2001 and 6 in March 2001) showed an EDW lower (12.7 6 1.8 lg) than the mean weight estimated for the population (25.3 6 2.9 lg) (P ¼ 0.0001). These abnormal eggs had unique features, such as a whitish color and a fragile case. It is possible that an anomaly took place during case formation, or else that the egg masses were not fertilized. These broods did not show any marked differences in egg size or number. These broods were treated as outliers and excluded from the following analyses.
The size-frequency distribution of EDW from 53 broods did not depart from a normal distribution (KolmogorovSmirnov, P ¼ 0.69), with a mean value of 25.3 6 2.9 lg, ranging from 20 to 31 lg. The EDWs for females extruding a new egg batch in captivity and for group I females were not significantly different (P ¼ 0.24). However, significant differences were observed between breeding periods. During breeding period 1, the eggs were 11.2% heavier (P ¼ 0.0007) ( Table 4 ).
Reproductive Output Reproductive output (RO) varied from 4.4 to 15.3%, with a mean value of 9.0 6 2.8%. This variable was correlated with neither size nor weight of parental females (P . 0.05). The lowest RO, around 5%, corresponded to abnormal broods, which led to between-period differences, indicating a lower RO during breeding period 2, when the mean RO was 8.9% (P ¼ 0.008). When these broods were excluded from the sample, RO did not show any significant difference (P ¼ 0.41), and the mean values for breeding periods 1 and 2 were 10.8 6 2.2% and 10.3 6 2.2%, respectively.
Significant correlations were also found for RO vs. BDW (P , 0.001) and for RO vs. EDW (P , 0.05). However, when abnormal broods were excluded from the analysis, these correlations were no longer significant (P . 0.05 in all cases). This is because of the small intraspecific variation in weight in ''normal'' eggs (Pearson's linear correlation, r ¼ 0.53, P , 0.05).
DISCUSSION
Breeding activity in S. rectum is relatively continuous throughout the year, with periods of higher intensity, the first period during July and August (winter) and the second in January and February (summer). A similar pattern was reported by Leme (2002) for a population in the same region, with slight differences in the length of each breeding period. In brachyurans, in general, it is assumed that the breeding season reflects both biotic and abiotic factors of the enviroment (Sastry, 1983) . Leme (2002) reported a lack of correlation between breeding activity and temperature, and yet continuous recruitment of young occurred throughout the year, which suggested the hypothesis that environmental factors might not shape the breeding season in S. rectum. The results obtained in the present study clarify this aspect of the life history of the species.
In S. rectum, as for most brachyurans with an indeterminate growth pattern (Hartnoll, 1985) , the number of eggs tends to increase isometrically with female size. The linear regression model obtained for the size-specific fecundity relationship represents the relative number of eggs as a function of female size. However, the absolute number, i.e., the number of eggs produced by a female, might be influenced by environmental factors (Jensen, 1958) . The absolute number of eggs is represented by the intercepts of the regression models, which allows comparison between seasons independent of female size (see the review by Somers, 1991) . In the present study, significant differences were found between broods produced in winter and summer by S. rectum. During winter, both the broods and the individual eggs were larger; therefore, no trade-off between egg number and size was observed. Accounts of seasonal differences in the number and size of eggs are still scarce for brachyurans, but such differences are not uncommon in other decapods, corroborating the results found in this study (Díaz, 1980; Simons and Jones, 1981; Bryant and Hartnoll, 1995; Kobayashi and Matsuura, 1995; Sampedro et al., 1997) .
Several intraspecific comparisons in decapod species have shown that egg size and reproductive output increase with latitude, probably as an effect of decreasing temperature (Efford, 1969; Jones and Simons, 1983; Lardies and Castilla, 2001; Brante et al., 2003) . These trends probably reflect thermal adaptations (Brante et al., 2003) , and the size of eggs may reflect the action of various selective pressures on larval development and reproductive output. It is widely accepted that larger, yolk-rich eggs produce larger larvae with some energy reserves that remain after hatching (Rabalais and Gore, 1985) , characterizing lecithotrophic potential, i.e., partial larval independence from external food resources. The egg size in S. rectum is comparable to other neotropical sesarmid crabs, which show abbreviated larval development with potential lecithotrophy. The bioenergetic traits of the eggs and larvae of S. rectum were recently reported by Anger & Moreira (2004) . That study presented information which reinforces the hypothesis of partial independence from plankton food suggested in the present work, and supports the idea that larvae of S. rectum hatched in different seasons may show facultative lecithotrophy in response to the temporal changes in the environment. As usual in subtropical regions, plankton blooms at the study site occur in the warmer months (Teixeira and Gaeta, 1991) . If larval development is to some extent independent of plankton production, then the breeding period may not be correlated with co-occurring variability of external factors such as food availability and climate parameters (Sastry, 1983; Anger, 1996) . This may partly explain the selection of two distinct breeding periods and the differences regarding weight and size of eggs, as observed in this study.
Differences in egg volume may reflect a difference in energy investment per embryo (Clarke et al., 1991; Giménez and Anger, 2001 ). The seasonal variation in the EDW of S. rectum may be an outcome of seasonal differences in the organic composition of eggs and/or contrasting allocation of energy resources for reproduction (Jones and Simons, 1983 ). The energy content in newly laid eggs and effects of local environmental factors may directly affect the quality of larvae and, therefore, larval survival and subsequent juvenile recruitment to natural populations (Díaz, 1980; Giménez and Anger, 2001 ).
According to Clarke et al. (1991) , optimal reproductive allocation is likely to be determined by factors operating at time scales in which evolutionary change takes place, and proximate factors would dictate changes at the seasonal scale. At this point, variability in the amount and quality of food resources may influence the reproductive potential of an organism.
Seasonal variability of dry weight of eggs may be related, in the case of S. rectum, to the lower allocation of energy for egg production during summer, because of the intrinsic state of females (Simons and Jones, 1981) . The results presented here support this possibility, because ovigerous females collected in that period showed a lower mean FDW. Contrariwise, it could be also argued that ovigerous females showed a lower FDW because they have invested a larger proportion of their energy resources in the brood (Roff, 1983; Brody, 1991) . However, these assumptions require further evaluation, because metabolic requirements and other physiological features may have evolved to allocate energy for reproduction (Calow, 1979) .
In this study, only 5% of the females held in captivity produced a sequential brood. This does provide evidence that S. rectum is capable of producing multiple broods in the field. The low percentage of captive females extruding a new egg batch may have been a result of stressful artificial conditions and daily handling of specimens (Seiple and Salmon, 1987; Kuris, 1991) . Inspection of the gonads after 30 d following larval hatching revealed indications of reabsorbed or arrested development of gonads.
These sequential broods in S. rectum took place only in females sampled in summer (January and February), and these events occurred over time intervals as short as 3 days. This is not uncommon for brachyuran crabs, which may store spermatophores (Morgan et al., 1983; Seiple and Salmon, 1987; Fukui, 1990) . However, the time between consecutive broods may be highly variable and may depend on extrinsic factors such as temperature (Fukui, 1990) , and intrinsic variables such as the development rate of ovaries (Anilkumar et al., 1999) and the nutritional state of the female (Henmi, 2003) . Possibly, broods were smaller during summer because they referred in part to sequential spawning events (Fukui, 1990; Oh and Hartnoll, 1999) . This feature would also explain the abnormal broods observed in females sampled in February and March 2001, because in the case of sequential broods, in the absence of viable sperm, mature oocytes may be reabsorbed or else a nonfertile clutch may be laid (McMullen and Yoshihara, 1971) . However, this remains only a speculation because it is still unclear how to identify such eggs (Sainte-Marie and Carrière, 1995) .
Reproductive effort, i.e., the amount of parental energy directed toward reproduction per unit time (Pianka and Parker, 1975) , was quantified in this study based on the ratio between the weight of the brood and the weight of the parental female (Hines, 1982) . This parameter was compared for two different breeding periods. The dry weight of broods was approximately 10% of the total weight of parental S. rectum females, in accordance with the mean value reported by Hines (1982) for brachyuran crabs. The RO was influenced by neither body size nor weight of females, and varied within a narrow range. Lower RO values (ca 4%) were only recorded for abnormal broods, and contributed to the decrease in RO recorded in summer. However, RO was found not to be an adequate parameter to describe the seasonal variation observed in this study. Reproductive effort was best described by estimating BDW, which may indicate the seasonal variation of energy invested for reproduction.
In general, the results suggest that in S. rectum reproductive effort varies seasonally. It is possible that the temporal variation in reproductive traits of S. rectum is a function of a set of factors acting at a local scale over the year, characterizing a phenotypic plasticity ruled by environmental variables.
